,5-benzodiazepines bearing either a tetrathiafulvalene or a ferrocene moiety. Tetrahedron, Elsevier, 2013, 69 (23) Abstract The synthesis of a series of electroactive 1,5-benzodiazepines bearing either a ferrocene or tetrathiafulvalene core, acting as the electroactive moiety, is reported. The electron donating ability of these redox active 1,5-benzodiazepines is described together with their molecular structures, investigated by X-ray diffraction studies.
Benzodiazepines, an important class of N-heterocyclic compounds, exhibit a wide range of biological and pharmacological activities which have contributed to their use as active ingredient in numerous drugs.
1
Various structures of benzodiazepines have been described and the 1,5-benzodiazepine scaffold exerts similar biological activity to that of their well known 1, 4-isomers. 2 Among the various analytical methods which have been used to detect these drugs or their metabolites into biological fluids the electrochemical detection is worth mentioning. This method mainly relies on the reduction of the azomethine bond of the diazepine ring. 3, 4 However this imine bond is reduced at quite high potential (Ep = -0.8 V vs
Ag/AgCl). 5 Therefore, it would be of interest to graft on the benzodiazepine scaffold an electroactive moiety which is either easily reduced or oxidized in order to facilitate their electrochemical detection. For that purpose, two electrophores, the tetrathiafulvalene (TTF) 6 and the ferrocene (Fc) 7 could be of interest as they both exhibit easily accessible and reversible oxidation processes. Different strategies have been studied with the aim of forming the 1,5 benzodiazepine ring. They mainly rely on the condensation reactions of ophenylenediamine either with  unsaturated carbonyl compounds, or ketones under acid catalysis conditions. 10 An efficient synthesis of 1,5-benzodiazepine bearing a pyronyl side chain in the 2 position has also been described using ophenylenediamine, DHA (dehydroacetic acid) and aromatic aldehydes in the presence of catalytic amount of acid. 12, 13, 14 Therefore the reaction of ophenylenediamine with DHA or tetronic acid in the presence of different aromatic aldehydes under acid catalysis conditions leads easily to 1,5-benzodiazepine. Thus, we decided to investigate these approaches for the synthesis of electroactive benzodiazepines using either trimethyl-tetrathiafulvalene carboxaldehyde (Me 3 TTFCHO) or ferrocenecarboxaldehyde (FcCHO) as the electrophile. Herein, we report the synthesis of a series of redox-active 3,4-dihydro-1,5-benzodiazepines where the electroactive lead is played by either the TTF moiety or the Fc core using as starting compounds DHA or tetronic acid. The structural and electrochemical properties are also reported.
Results and discussion
The chemical strategy we used for the synthesis of the electroactive 1,5-benzodiazepines bearing a DHA moiety and a ferrocene (Fc) or a TTF core is outlined in Scheme 1. It relies on the reaction of o-phenylenediamine (o-PDA) with DHA in ethanol to afford the imine structure 1. Subsequent reaction of 1 with ferrocene carboxaldehyde or Me 3 TTFCHO in the presence of a catalytic amount of trifluoroacetic acid leads to the formation of the 1,5-benzodiazepine 2 and 3 respectively.
1
H NMR analysis of these derivatives reveals that the CH 2 -CH of the seven-membered ring appears as an AMX system with a large anisochrony consistent with a 1,5-benzodiazepine structure. The formation of 1,5-benzodiazepine according to this strategy leads usually to a sevenmembered ring with one imine belonging to the ring. However, for the benzodiazepine bearing a DHA moiety two tautomeric forms, the enamine and the enol, can be written as depicted in Scheme 2. The chemical shift for the H atom involved in the hydrogen bonding between the DHA and the benzodiazepine is observed at 15.43 ppm for 2 and 15.33 ppm for 3 which is in accordance with either the enolic form or the enamine one (scheme 2). However, 1 H NMR studies carried out on analogous systems indicate the presence of the enamine structure rather than the enol one. Concerning the redox moieties, TTF and Fc, the bond lengths and the bond angles are in the usual range for such molecules and confirm that these compounds 2 and 3 are under the neutral state. 
Table 1
Selected bond lengths (Å) of the benzodiazepine ring in 2, 3 and 5 . The other approach used to synthetize electroactive 1,5-benzodiazepines is depicted in Scheme 5 and relies on the reaction of tetronic acid with o-phenylenediamine. [12] [13] [14] This reaction affords the 4-(2-aminophenylamino)furan-2(5H)-one 4. The benzodiazepine 5 crystallizes in the triclinic system, space group P-1 with two independent molecules and two molecules of EtOH. The molecular structure of 5 is depicted in Figure 2 and selected bond lengths of the diazepine ring are collected in Table 1 . Within this compound the diazepine ring is less distorted compared with compounds 2 and 3, due to the presence of the fused furanone ring. The C-N bond lengths (Table 1) , within this ring are of comparable values than the one observed for 2 and 3. Both sets of data are consistent with the presence of an enamine form with an exocyclic "ene" structure for 2 and 3 and an intra "ene" diazepine ring for 5 as the C-N (e) bond (Table 1) is smaller than the C-N (b) bond.
Intermolecular hydrogen bonds are observed between two neighboring molecules as shown in Electrochemical investigations were carried out by cyclic voltammetry and the oxidation potentials are collected in Table 1 together with the oxidation potentials of the Me 3 TTFCHO
and FcCHO precursors. The cyclic voltammograms show that the benzodiazepines 3 and 6 containing one TTF core display two reversible monoelectronic processes corresponding to the reversible oxidation of the TTF to the cation radical species and to the dicationic one (Fig.3.) . Contrariwise, the benzodiazepine substituted by a ferrocene moiety, 2 and 5 display one reversible monoelectronic oxidation process corresponding to the oxidation of the Fc to the Fc + (Fig.3.) . In both families, the ferrocene/benzodiazepines and the TTF/benzodiazepines one, the presence of the DHA core induces a decrease of the overall donating ability as the first oxidation potential for 2 and 5 is anodically shifted by 120 mV for 2 and 50 mV for 5 compared with 3 and 6. For all these electroactive benzodiazepines, the oxidation process is observed at easily accessible oxidation potentials especially for the TTF/benzodiazepines due to the presence of the electron rich TTF core. 
Conclusion
In summary, we have developed the synthesis of electroactive 1,5-benzodiazepines using a simple and compatible approach with the electroactive moiety such as the ferrocene and the TTF. As evidenced by X-ray diffraction studies, the diazepine rings adopt the enamine form with intramolecular hydrogen bonds between the N-H of the enamine and the carbonyl of DHA. All these benzodiazepines exhibit reversible oxidation processes at low oxidation potentials thanks to the presence of the electrophore TTF or Fc. Further investigations of the influence of the redox active moiety on the biological activity of these benzodiazepines will be investigated in due course. All the reagents were purchased and used without additional purification.
Synthesis and characterization

General procedure for the synthesis of 1,5-benzodiazepines (2-3)
A solution of o-phenylenediamine (1.08 g, 0.01 mol) and DHA (1.68 g, 0.01 mol) in 50 mL of EtOH was stirred for 3h. The precipitate was filtered, washed with diethyl ether and dried.
Compound 1 was obtained in 90 % yield and used in the next step without further purification. To a stirred suspension of 1 (0.12 g, 0.5 mmol) in 10 mL of EtOH was added 0.5 mmole of the aldehyde (0.137 g for FcCHO and 0.107 g for Me 3 TTFCHO) and two drops of CF 3 CO 2 H. The mixture was then refluxed for 6 h and the reaction was monitored by TLC.
The resulting mixture was allowed to stand at room temperature and the precipitate was filtered and washed with water. The precipitate was dissolved in 30 mL of CH 2 Cl 2 and washed with water dried over MgSO 4 . The solvent was evaporated and the residue was recrystallized in EtOH for 2 and in dioxane for 3.
Benzodiazepine 2 , 4.31; N, 5.44; S, 24.92 Found: C, 55.89; H, 4.32; N, 5.36; S, 24 .80.
General procedure for the synthesis of 1,5-benzodiazepines (5-6)
A 3.75 (m, 1H, 3.88 (m, 1H, 3.96 (m, 1H, 4.09 (m, 1H, 4.11 (s, 5H, 4.82 (d, 2H, J = 4.9 Hz, CH 2 ), 4.88 (d, J=4.5 Hz, 1H, CH), 5.78 (d, J=4.9 Hz, 1H, NH), 3H, 1H, 
Crystallography
Single-crystal diffraction data were collected on APEX II Bruker AXS diffractometer, Mo-Kα radiation (λ = 0.71073 Å), for compounds 2, 3 and 5 (Centre de Diffractométrie X, Université de Rennes, France). The structures were solved by direct methods using the SIR97 program 
Supplementary material
Crystallographic data for structural analysis have been deposited with the Cambridge 
